Abstract -Transfer printing is a uniquely enabling technology for the heterogeneous integration of III-V materials grown on dissimilar substrates. In this paper, we present experimental results for a mechanically stacked tandem cell using GaAs and GaSb-based materials capable of harvesting the entire solar spectrum with 44.5% efficiency. We also present the latest results toward developing an ultra-high performance heterogeneous cell, integrating materials grown on GaAs, InP and GaSb platforms.
I. INTRODUCTION
Multi-junction (MJ) solar cells produced from III-V alloys have the highest efficiency of all photovoltaic technologies to date [1] . Splitting the solar spectrum between subcells in a monolithic stack reduces the thermalization losses associated with electron-hole pair generation by high energy photons, and the extremely high material quality and carrier transport properties of III-V alloys enable the fabrication of cells with extremely high quantum efficiency and low non-radiative losses. The ultimate MJ solar cell would harvest the entire solar spectrum using a large number of closely spaced bandgaps, thereby minimizing thermalization losses. In terrestrial applications, almost complete energy harvesting can be achieved by a cell spanning 250-2500 nm, as approximately 99% of the spectral power is contained within this region. Therefore, the lowest bandgap required for full spectrum (PV) energy harvesting in a practical scenario is approximately 0.5 eV.
When all the subcells are connected in electrical series, potential losses (associated with tunnel junctions and mismatches due to spectral variations) impose a practical limit on the order of 7 or more subcells before the efficiency is maximized. For devices with more than two terminals, thereby relaxing some of the current matching and tunnel junction limitations, the number of cells and overall efficiency may be even higher. However, no single lattice constant contains lattice matched (LM), direct bandgap, III-V alloys capable of spanning this entire range in a MJ cell with optimized bandgaps, and heterogeneous integration of devices grown on dissimilar growth substrates becomes increasingly important to achieve the ultimate solar cell.
The subject of this paper is to describe the development of each component of a high efficiency, MJ solar cell capable of harvesting the entire solar spectrum between 250-2500 nm using LM materials which are heterogeneously integrated using transfer printing. The final device will comprise materials grown on GaAs, InP and GaSb platforms, and in this paper, we present the first demonstration of transfer printed GaAs-based concentrator cells on high quality InGaAsSb solar cells with a bandgap of 0.5 eV. Furthermore, we describe the development of an ARC suitable for efficient photon collection over the entire spectral range. Figure 1 shows the practical limits of series-connected multi-junction solar cell performance, calculated using a modified detailed-balance (DB) model using the ASTM AM1.5D G173-03 spectrum, normalized to 1 kW/m 2 and concentrated 1000 times. To attempt to retain the flexibility and generality of the DB approach, but avoid unrealistically high performance predictions, the standard DB model was modified to include several important losses. These include losses due to nonradiative recombination, series resistance and reflection losses. A detailed account of the losses included in the model is given in reference [2] . These efficiencies therefore serve as a guideline as to the practical efficiency to be expected for an extremely well designed, well fabricated cell, produced using today's production epitaxy and device fabrication technology. The bandgaps are unconstrained in this optimization, and the shaded regions of Figure 1 identify the spectral ranges where direct bandgap, LM materials are available on either GaAs, InP or GaSb platforms. Note, these spectral regions are shown for illustrative purposes, and in reality there is some overlap between the regions, such as using the InGaAsN alloy LM to GaAs for bandgaps narrower than 1.42 eV [3] and InAlAsSb alloys for bandgaps wider than 1.45eV LM to InP [4] . A key feature of Figure 1 , however, is the importance of a cell with bandgap of close to 0.5 eV, which is the optimum bottom cell bandgap for cells with four or more junction.
II. GASB-BASED CELL DEVELOPMENT
The best candidate III-V alloy extending to 0.5 eV is InGaAsSb, which can be grown LM to GaSb with a bandgap range spanning 0.72-0.27 eV. Solar cells comprising this alloy have previously been used for thermophotovoltaic applications [5] [6] [7] . The InGaAsSb solar cells in this study were designed using NRL MultiBands®, an analytical drift-diffusion model which includes coherent optical effects and photon recycling [8, 9] , and grown by solid source molecular beam epitaxy. The solar cell structure was grown in the n-on-p geometry, based on the lower dark current observed in n-on-p test diodes compared to p-on-n. The overall thickness of the device was >3.5 μm to give strong optical absorption at long wavelengths. This cell is designed to be situated under a GaAs or InP-based solar cell in a mechanically stacked architecture with four or more terminals and four or more junctions. In this arrangement, the lowest bandgap absorber material in the cell above is assumed to be 1 eV or less, and therefore photon energies higher than 1 eV are filtered from reaching the InGaAsSb cell by the cell above.
A thick Al 0.2 Ga 0.8 Sb lateral conduction layer was included in the structure, which transmits photons below 1 eV and ensures that the cell has a low sheet resistance to reduce ohmic losses at high concentration. The front contact to the solar cell uses unannealed Ti/Au contacts which are recessed into the LCL at a depth of 1 micron, which enables a planar front surface to promote high quality mechanical stacking. The polarity of the LCL was chosen to be p-type, which then requires a tunnel junction to be placed between the LCL and the window of the n/p junction. The electrically active doping concentration for Te-doped Al 0.2 Ga 0.8 Sb is limited to approximately 1×10 18 cm -3 for MBE grown materials. In addition, the close proximity of the L-valley conduction band minimum to the Γ-valley results in a significant population of majority charge carriers residing in the L-valley in n-type material, with the consequence of a reduced overall mobility. In p-type AlGaSb, the electrically active concentrations can be much higher for Si-doped AlGaSb (p) than Te-doped AlGaSb (n). Therefore, even though the hole mobility is low, the majority conductivity of pAlGaSb can far exceed that of n-AlGaSb, thus offering lower sheet resistance. Figure 2 (a) shows the EQE, reflectivity and IQE of the InGaAsSb solar cell. The measured EQE is in good agreement with the modeled data, demonstrating both the high material quality of the cell and the predictive power of the analytical cell model. The reflectivity was measured using a spectrophotometer and a calibrated Al mirror. The peak IQE of the cell was 96.8%. A schematic of the InGaAsSb cell is also shown, with the p-type AlGaSb LCL, recessed grid fingers and tunnel junction interconnecting the LCL and the solar cell. Following the initial characterization of the sample, a commercially available 3J solar cell [10] was mechanically stacked on top of the InGaAsSb cell, using the transfer printing procedure described in references [11] and [2] . The EQE of the InGaAsSb cell improved after stacking, due to the overall reduction in reflectivity arising from the ARC applied to the 3J cell, which is shown in Figure 3 (a) . The J sc of the cell was 12.5 mA/cm 2 after stacking, including all metallization losses from the grid-fingers. This ARC is currently not optimized for low reflectivity over the entire spectral region, however, and modeling has shown that J sc values exceeding 14.5 mA/cm 2 are possible with an improved ARC. This would also facilitate simple wiring schemes for the 978-1-5090-5605-7/17/$31.00 ©2017 IEEE mechanically stacked, four terminal cells as the 3J cells typically produce 14-14.5 mA/cm 2 1 sun photocurrent densities. Figure 3 (b) shows the efficiency and FF of the cell after stacking under illumination from a 1342 nm laser. The 1 sun J sc value measured from EQE was used to calculate an equivalent solar concentration ratio. The high room temperature dark current of the device due to the narrow gap results in a low fill factor at 1 sun illumination levels, which improves dramatically with increasing concentration.
Initial attempts to process the InGaAsSb cell using wet etching resulted in high contact resistance at the front surface metal/semiconductor contact. Roughening of the epitaxial layers during the wet etching stage for the embedded grid fingers limited contact resistance to 9.8×10 -5 Ω•cm 2 , which leads to FF loss at high concentration. To improve performance, the wet etch procedure was replaced by an inductively coupled plasma reactive ion etch (ICP-RIE) process. This modification, combined with a change in metallization to Ti/Pt/Au, resulted in an improved contact resistance of 6.5×10 -7 Ω•cm
2
. The peak efficiency of the cell in Figure 3 (b) was found to be 2.50% at a CR of 964 suns. Combining this results with the typical 42% efficiency of the commercial 3J cell, gives an approximate efficiency of 44.5%. The V oc of the cell was in excess of 308 mV at a CR of 964 suns. Improvements in the ARC design are expected to yield efficiencies greater than 45%. 
III. ARC DEVELOPMENT
The ARC requirements for the ultimate solar cell are stringent; a low reflectivity is required over the whole spectral range in order to maximize the photocurrent generation in each subcell. To map the considerable parameter space of coating design, a genetic algorithm was employed [12] , which uses mutation and crossover in a population of coating designs to produce successive generations of coating designs with improved characteristics. Figure 4 shows a demonstration 4 layer MgF 2 /ZnS Herpintype coating deposited on GaAs with good agreement between the model and the measured reflectivity. High performance coatings with varying layers and using various dielectrics have been investigated and will be used to improve the photocurrent generation of the mechanically stacked MJ cells. 
IV. GAAS AND INP SOLAR CELL DEVELOPMENT
In addition to the GaSb cell development, cells on GaAs and InP are being developed, with the goal of fabricating mechanically stacked solar cells utilizing materials with the ideal bandgaps from each lattice constant. A schematic representation of the first embodiment of the concept is shown in Figure 5 , where a 4J cell which harvests the entire solar spectrum is produced. In this cell, the GaAs component is an InGaP/GaAs 2J and the InP component is an InAlGaAs 1J, and each component of the stack is designed to be current matched. A schematic of the mask layout for the stacked 4J is also shown, based on a 855×775 μm bottom cell mesa dimension. The concept is easily extendable to arbitrary subcell numbers with almost limitless LM bandgap combinations enabled by the combination of the trinity of GaAs, InP and GaSb-based materials. The topmost lateral conduction layers of the InP based materials are required to have high transparency (a wider bandgap than the narrowest gap absorber in the cell directly above) and a high majority mobility to minimize the sheet resistance for lateral current spreading. On the InP platform, two candidate materials are In 0.52 Al 0.48 As, with a RT bandgap 1.45 eV, and InP, with a RT bandgap of 1.35 eV. InP exhibits significantly greater electron mobility for a given doping concentration, shown in Figure 6 for n-type InP and InAlAs [13] , measured by the Hall technique. Empirical fits, given by the equation in reference [13] , are also shown. The higher mobility of InP is favorable to achieve lower sheet resistance in the LCL, but the bandgap of pure InP is narrower than GaAs (1.42 eV), and therefore an InP LCL potentially filters light from reaching the cells below. However, with n-type doping, the bandgaps of both InAlAs and InP demonstrate a large Moss-Burstein shift, and for doping level exceeding approximately 1×10 18 cm -3 , the bandgap of InP exceeds that of GaAs. This effect has a favorable impact on the development of GaAs/InP stacked cells, as the Moss-Burstein shift enables the higher majority carrier mobility of InP over InAlAs to be exploited. Figure 7 shows the bandgap determined from ellipsometry of n-doped InP and InAlAs. Both Si and Te-doped InP samples have been measured, and S-doped InP data from literature is also shown [14] . Figure 8 shows the blueshift in the absorption coefficient of n-type InP:Te with doping concentration of 5×10 19 cm -3 , measured by spectroscopic ellipsometry. Preliminary solar cell measurements for InAlGaAs solar cells LM to InP have shown that this material suffers from poor minority carrier lifetimes and therefore low EQE, as shown for the InAlGaAs solar cell in Figure 9 (a). Due to this limitation, currently our InP-based cell development is focused on InGaAsP materials grown by MOCVD, which have been shown in the literature to have high performance. Work is also underway to identify the best candidate as a selective etch release layer for the InP-based cell.
The InGaP/GaAs materials have already reached a high level of maturity, and Figure 9 (b) shows IQE curves for high performance InGaP/GaAs 2J cells, developed for printing atop a 0.97 eV InP-based cell printed atop the 0.5eV InGaAsSb cell. These GaAs-based materials will form a key part of the cell development towards the demonstration of a heterogeneously integrated, full spectrum energy harvesting MJ solar cell combining LM materials produced on three different growth substrates.
978-1-5090-5605-7/17/$31.00 ©2017 IEEE V. CONCLUSION Transfer printing offers a unique potential for heterogeneous integration of materials grown on a variety of substrates. This paper describes progress towards the first solar cell comprising materials grown on GaAs, InP and GaSb platforms, paving the way for devices which can harvest the entire solar spectrum and achieve efficiencies well in excess of 50%. A crucial part of this concept is the demonstration of a high performance cell able to harvest photons in the 1750-2500 nm range. We have demonstrated an InGaAsSb solar cell with an absorption edge at 2500 nm, which produced an efficiency of ~44.5% when stacked with a commercially available 3J solar cell.
